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TECHNICAL MEMORANDUM X- 64974 

X-RAY REFLECTION AND SCATTER MEASUREMENTS ON 
SELECTED OPT1 CAL SAMPLES 

I. INTRODUCTION 

The measurements described in this report were made to allow correla- 
tion between the reflection efficiency and the scatter properties of a particular 
sample. The measurements were all made at a wavelea* of 8 . 3 d .  The x-ray 
reflectometer was operated in a vacuum system which was oibfree and therefore 
did not contaminate the surface of the sample being studied. 

Many experimenters have reported the results of total reflectivity 
measuremcnts a t  x-ray wavelengths of a large variety of reflecting surfaces. 
A smaller number have reported the results of studies of scatter characteristics 
a t  x-ray wavelengths. These papers are  listed in a bibliography to this report. 

This report contains the results of measurements made on clean fused 
silica optical samples with a surface finish of X/10 and on 1000A thick chromium 
surfaces deposited on the fused silica surfaces. The samples were contaminated 
under controlled conditions and remeasured to determine the effects of con- 
tamination on the total reflection and scatter characteristics. The reflection 
efficiency measurements a re  compared to theoretical data. The smoothing of 
the scatter data, which a r e  presented with the intensity (y) a s  a function of 
beam width (x) , was performed by conventional least squares theory. 

I I. DESCR I PTlON OF INSTRUMENTATION 

A. X-Ray Ref lectometer 

The vacuum x-ray reflectometer instrument is designed to allow pre- 
cision measurements of x-rays reflected by optical samples [ I  j . The reflec- 
tometer shown in Figure 1 was used to make the measurements discussed $n 
this report. The instrument coneists of a vacuum chamber, a microfocus x-ray 







sorption pumps mouuted on a manifold that i s  connected to the chamber through 
a bakeable valve. The primary pump i s  a 3000 l / s  ion pump and a secrndary 
1000 l / s  ion pump. A typical pump-down curve for an empty chamber and one 
with the vacuum x-ray reflectometer i s  shown in Figure 4. 

ROUGHING PHASE 

i 
i 
I 
I 
I 
\ 
\ CHAMBER WITH X-RAY 

Figure 4. Envlronrnental chamha pump-down curve. 





Figure 6. Multiple sample holdcr. 

drum rotates on a vertical shaft and is driven by a four-place Geneva mechanism. 
A Geneva mechanism is used so that the rotational positioning of the sample 
d m  is fairly independent of the final positioning of the flexible shaft which 
turns the Geneva driver wheel. The sample drum, in fact, remains in the 
proper position aild locked for any  topping orientation of the flexible shaft over 
a range of at least 90". 

Once the sample drum has been rotated so that the desired sample is in 
position, the sample must be moved into the x-ray beam and held in proper 
alignment. This motion is accomplished by sliding the sample drum forward 
until the polished face of the sample contacts the three reference surfaces. 
Motion is continued slightly beyond f irs t  contact, compressin& the spring behind 
the sample, to insure f irm contact with all three reference surfaces. 





narrow slit opening is adjustable using micrometer #1, and the entire slit  i s  
translated using micrometer X2. The circular opening in this slit  housing is  
slightly less  than the diameter of the detector window. The total reflectivity 
measurements were taken with the large opening positioned in front of the sample 
detector. The angular distribution of the x-ray beam is measured by closing the 
jaws of the sample detector slit to il. width small compared to the linear extent 
of the reflected x-ray beam in the det=.ctor plane. The narrow slit  opening i s  
then translated to the center of the detector face. The detector and slit  assembly 
i s  stepped across the reflected x-ray beam in increments to measure the profile 
of the beam. The position of the slit assembly in relation to the detector for esch 
of the measurement9 is shown schematically in Figure 8. 

TOTAL REFLECTION 
POSITION 

SCATTER 
POSITION 

0 DETECTOR 

- DETECTOR SLIT 

!I1 
!I! 

SAMPLE SLIT 

Figure 8. Schematic of detector-slit arrangement. 





The data a re  accumulated for each data point on the basis of time as 
dc termined by the program in the calculator. For the accumulation of data for 
c.,,.le data point, the following sequence is used, The data a re  accumulated for 
: s in the f irs t  channel of the MCA, then accumulation begins in the second 
channel. This sequence continues until 10 channels of 5 s each have been used, 
9r a total of 50 s of time. The data a re  read from the MCA into the calculator, 
averaged, radiation background subtracted, and printed out with appropriate 
headings. Also, during this operation, the data a re  plotted a t  a convenient 
r. cale and stored in the MCA for further analysis after accumulation of all data. 

TYPE OF MEASUREMENTS 

The measurements reported here a re  for an x-ray source with an 
aluminum anode generating 8.3& x-rays. Two types of measurements are  
discussed in this report: total reflection measurements and scatter measure- 
ments. 

A. Total Reflection 
The W..d reflection measurements are  made by positioning the open 

portion of tilt: sample detector slit in front of the sample detector s o  that all of 
the reflected radiation will strike the detector face. With the slit in this 
position all radiation reflected by the sample within a half angle of 1.5" will 
strike the face of the detector. The monitor and sample detector a re  calibrated 
and are used alternately to monitor the incident x-ray beam and the reflected 
be:m. The x-ray counts are  passed through the data processor and result in a 
plot of the reflection efficiency as a function of angle of incidence, as well as  a 
printout of thi. Anformation. Normally the data were taken a t  angles of inci- 
dence in 5 - rc  min steps and terminated when the reflection efficiency decreased 
helow 1 issrcent. 

A computer program was prepared to calculate the x-ray reflectivity a s  
L function of the angle of incidence for plane surfaces a s  well as multilaminate 
planar surfaces [2 ] .  The program calculates the real and imaginary compo- 
nents, 6 and p,  of the complex index of refraction from the more readily 
accessible ~Jhysical parameters such as density, x-ray absorption coefficients 
and their wavelength dependence, atomic level oscillator strengths, and other 
pal.arnt;ters. Having determined 6 and p and knowing the thickness of the layer, 
Ye program then calculates the reflectance as a function of the angle of inci- 
dence. The calculated reflection efficiency curve is given for each clean 
sample measured. 



B. X-Ray Scatter 
The scatter measurements were made by placing a 2.3 arc sec slit in 

front of the sample detector and stepping through the reflected x-ray beam. 
Since the sample detector slit assembly can be translated from the open position 
to the narrow slit position, reflection and scatter measurements can be alter- 
nately made without changing the angular opening of the scatter slit. Most of 
the scatter measurements were taken by stepping the sample detector at  1.15 
arc aec increments through the roflected x-ray beam. The detector operated at  
each position for 50 s with the data being processed, stored in the MCA, and 
plotted as desired. It was found that an angular scan range of 54 arc sec was 
adequate for most of the samples. The scatter data were taken for most samples 
at an angle of incidence ( 8 )  of 50 arc min. Either before or after measuring the 
scatter curve for each sample, the sample was removed from the x-ray beam 
and the sample detector was stepped through the unreflected beam. These data 
would then allow the reflected and unreflected beams to be compared to deter- 
mine the effect of the sample on the beam. 

The actual criteria used required that the rms deviation be a minimum 
to 8 significant digits for the functions selected a priori. 

A s  the sample detector was stepped through the x-ray beam, the count 
rate would vary from near zero to a peak near the midpoint of the traverse and 
then drop to near zero as the edge of the beam was approached. This resulted 
in a curve defined by a set of points which were spaced 1.15 arc sec on the 
x-axis. For plotting purposeo the data were normalized to the peak intensity of 
the x-ray beam. Because of the spread in the data, a computer program was 
prepared for smoothing of the intensity (y) as a function of beam width (x) by 
conventional least squares theory which can be found in almost any text on 
numerical analysis [3,4].  

The basis for the least squares theory applied in this study is the one 
which requires that the sum of the squares of the deviations of the data from 
the smooth curve be a minimum in the y direction only. 

To batisfy the previously mentioned basic requirements exactly, it is 
necessary to vary the functions selected for the srnooth curve over the entire 
function space, calculate the rms for each function, and pick the function with 
the minimum rms o r  eelect a function which wi l l  go through all the data points, 
thus giving a zero deviation. Neither of these was applied since the first is 
impossible and the last is disinteresting for a large set of data points. For 
this reason, the exact minimum was not required. 



The class of functions selected was fourth degree polynomial exponentials 
of the form, 

The deviation for the ith data point is 

The sum of the squares of the deviations is then 

The minimum of s is found by equating the partial derivatives of s with 
respect to a, b, c, d, and e to zero and solving the resulting system of equa- 
tions for the values of a, b, c, d, and e gives: 



These must now be solved for the coefficients a, b, c, d, and e. Since 
this eyetern is nonlinear, it is necessary to apply an iterative scheme which 
requires long computing time. Therefore, this system was not used to find the 
minimum. Instead, the natural logarithm technique was applied to equation ( I), 
so that the deviation becomes 

and s is now 

The partial derivatives with respect to a, b, c, d, and e now give 

From this system it is noted that eymmetrical x data w i l l  give zeros for 
all the odd-powered coefficients. For this reason the experimental data were 
taken centered about X = 0. This allowed the decoupling of the system in equa- 
tion (7) so that a 2 x 2 and 3 x 3 matrix could be solved instead of a 5 x 5. 
This was desirable since the computer wed waa llmited in programming steps. 



It  should be noted that the deviation is defined as the difference between 
the logarithm of the function and the logarithmic data rather tSan the difference 
between the function and the data. The relationship of the two is 

where df is the difference in the function and the data and \ is the difference 

in the logarithm of the function and the logarithm of the data. 

It may be observed that the hvo agree only at  zero deviation; thus, the 
method should give good results for small deviations but will not work well for 
larger ones (i. e. , scattered data). 

The data were normalized to the maximum value of y; therefore, the 
upper limits for the error can be visualized from the plot in Figure 10. 

d L 

Figure 10. Relative error  between df and dL. 



The numerical values d the coefficients a, b, c, d, and e are given in 
Table 1 and are  identified by tbe sample number and the figures in which the 
curves appear. 

TABLE 1. NUMEFUCAL COEFFICIENTS 

Sunple 
NO. 

1 
unr. b d  
2 
3 
unr. bsun 
4 
unr. bsun 
4 (coat)'. 
unr. beam 
5 
5 (coat) 
6 
6 
6 
6 
unr. beam 
6 (cant 
6 (-t) 
6 (coat) 
6 
6 l coot) 
6 (ccat) 
7 (coat) 
8 
w. bun 
8 ( c a t )  
uor. bun 

IV. DESCR I PTlON OF SAMPLES AND RESULTS 

The samples which will be discussed in this report are all 2.54 cm 
diameter optical flats 0.635 cm thick. Sixty fused silica samples were pur- 
chased in one order. The 60 samples were specified to be finished tr~ a flatness 
of v10. Twe- of lhese samples were selected for measuring the optical 
propertlee d b e d  silica at x-ray wavelemgtbs. Twenty were selected and 
coated with 99.999 percent purity nickel to a thickness of 1000%1 a 25A . The 
remaining 20 were coated with 99.999 percent purity chromium to a thickness 
of 1000J( * 25A. The measurements which have been made on selected samples 
from the origfaal60 wi l l  be discussed in terms of the reflecting surface. 



All of t h ~  samples were cleaned before measuring. Selected samples 
were then contaminated and remeasured to determine the effect of the contami- 
nant on the scatter and reflection properties. In this report the sample carries 
the same identification number regardless of the number of tests or the con- 
ditions of the sample. 

A. Fused Silica 
1. Sample #l. This sample was cleaned and measured to determine 

the scatter characteristics. The data were taken at an angle of incidence 
0 = 50 arc rnin, where 8 is the angle between the incident radiation and the 
reflecting surface as shown in Figure 11, The experimental data are plotted in 

Figure 11. Angle of incidence 19. 

Figure 12 with the relative intensity of the reflected x-ray beam as a function of 
the angular distance of the detector away from the position of peak intensity. 
The experimental data are shown as circles and the least squares curve fit as a 
solid curve. The full-width-at-half-maximum (FWHM; of the reflected x-ray 
beam as defined by the smooth Qta is 13.45 arc sec. The scatter curve for the 
unmflected x-ray beam is given in Figure 13. The angular spread of the 



Figure 12, Fuaed silica sample #1, 8 = 50 arc min. 

Flgure 13, Unrenwted x-ray beam for sample6 61 and 62, 



unreflected beam at the FWHM is 13.46 arc sec. Figure 14 is a comparison of 
the x-ray beam reflected by the fused silica sample and the unreflected beam. 
The sample reflected the x-ray beam without increasing the angular extent of 
the beam, indicating a good reflecting surface within the resolution of the x-ray 
reflectometer. In fact, the change in the FWHM is within the experimental 
e r ro r  of the system. Unfortunately, the schedule did not permit the total reflec- 
tion measurements to be completed on this sample. 

r\ 
SAMPLE # 1 

I \ X -8.34 A 
\ e-SOARCMIN --- 

UNREFLECTED - 

1 I 1 I I I I 
-n -18 -0 o B 18 27 

BEAM WID1 H (ARC SEC) 

Figure 14. Comparison of sample I11 and unreflected beam. 



2. Sample ~ 2 .  This sample was cleaned and measured a t  the same 
time as sample Yil. As with sample 41, the only measurement was to determine 
the scatter curve at an angle of incidence of 50 a r c  min. The scatter curve Is 
given in Figure 15 and has a kWHM value of 13.65 arc sec. The reflec Jon 
efficiency at 9 = 50 arc  min determined by comparicg the area unde? the curve 
for the reflected and unreflscted x-ray beam is 87 percent. The x-ray data 

SAMPLE # 2 
A-8 .34A 

01 1 
1 1 1 1 , 1 

-27 -18 -9 0 0 18 27 

B W  WlOT H (ARC SEC) 

Figure 15. Fused silica sample #2, 0 = 50 arc min. 



reflected by the sample a re  compared to the unreflected x-ray beam in Figure 
16. Again, the increase in the angular extert of the beam is very small, 
indicating a good reflecting surface at this wavelength. 

3. Sample #3. This sample was used as a control sample during the 
measuring of samples #4 and #5 which were measured under two conditions. All 
three samples were cleaned and measured during one pump down. Samples 64 
and #5 were removed from the sample drum, contaminated, replaced in the drum, 
and remeasured. Sample #3 remained in the drum to serve as  a standard so  that 

I" 

UNREFLECTED 
--- 
BEAM - 

0 1 I I I 
-27 -18 -9 0 9 18 27 

BEAM WIDTH (ARC SECl 

Figure 16. Cornoarison of sample 1 2  and unreflected beam. 



the change in the measurement? due to the contamination could be identified. 
Figure 17 is the reflection efficiency curve for sample #3 averaged for the two 
tests. The solid line is the theoretical reflection efficiency for fused silica. 
The experimental data agree reasonably well with the theoretical data at angles 
of incidence less than the critical angle with the spread between the theoretical 
and experimental greatest at  8 = 60 arc min o r  in the portion of the curve where 
the slope is greatest. The scatter curve for the two measurements on sample 
1 3  is given in Figure 18 for 8 = 50 arc min. 

ANGLE OF INCIDENCE (ARC MINI 

Figure 17. Reflection efficiency for fused silica sample 12, 



SAMPLE # 3 
h = 8.34 k 
O = 50 ARC MIN 

BEAM WIDTH (ARC SEC) 

Figure 18. Fused silica sample #3, 0 = 50 arc min. 

The FWHM of the scatter curve i s  13.43 arc sec. The unreflected beam 
for the two measurements of sample 83 is plotted in Figure 19 with a FWHM of 
13.18 arc  sec. The two curves are compared in Figure 20. It i s  obvious from 
this plot that this sample had very little effect on the x-ray beam either a t  the 
FWHM point o r  in the wings of the curve, Therefore, this measurement 
indicated that this sample contains a good optical surface for this wavelength 
radiation. 



~ E A M W I D T ~  IUC LCI 

Figure 19. Unreflected x-ray beam for samples 113, 4, and 5. 

Figure 20, Comparison of sample 4 3  and unreflected beam. 



4. Sample #4. This fused silica sample was cleaned and measured 
ar,d then contaminated with 10 pm diameter carbon particles and remeasured. 

The reflection efficiency curve for the clean sample is given in Figure 21 
together with the theoretical curve. Again, the experin~ental data agree very 
well with the theoretical curve a t  angles less  than the critical angle, with the 
greatest difference bemg at 8 = 6i) arc min where the experimental data are 
considerably lower than the theoretical data. 

ANGLE OF INCIDENCE (ARC MINI 

Figure 21. Reflection efficiency for fused silica sample #4. 



The scatter curve is given in Figure 22 for this sample a t  8 = 50 arc 
min. The FWHM is 14.38 arc sec. The unreflected beam measured with the 
tests on samples 44 and 15  i s  given in Figure 23 with a FWHM of 13.56 arc sec. 
The scatter curve for sample 14 is compared to the unreflected beam in Figure 
24. The angular increase of 0.82 arc sec in the reflected x-ray beam indicates 
that this sample is a good reflector of 8.34 A x-rays. 

After the sample was measured in a clean condition, it was contaminat2d 
with carbon particles to an average density of 189 particles/mm2. The particle 
size distribution is shown in Figure 25. The particles ranged in size from 1 to 

0 SAMPLE#4 
X = 3 . 3 4 A  
0 = 50 ARC MIN 

01- I I 1 I 1 
-27 -18 -9 0 9 10 27 

BEAM WIDTH (ARC SECl 

Figure 22. Fused silica sample 64, 8 = 50 arc mine 



Figure 23. Unreflected x-ray beam for samples #4 and 85. 
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Figure 24. Comparison of sample #4 and unreflected beam. 



PARTICLE DIAMETER (MI 

Figure 25. Size distribution of carbon particles on sample #4. 

29 pm in diameter, with the largest number of particles in the 9 pm diameter 
range. Twenty areas of the surface were inspected for a total area of 1.092 x 
lo7 pm2 and a total particle count of 2070. A microphotograph of the sample 
after the carbon particles were applied is shown in Figure 26. 

The measurements on the contaminated sample #4 were made with the 
control sample 113 in the sample drum so that the measurements between the 
clean and contaminated sample 44 could be adjusted to reflect only those effects 





Figure 27. Reflection efficiency of clean and contaminated sample #4. 

Figure 28. Fused silica sample # 4  contaminated, 0 = 50 arc min. 



Figure 29. Comparison of contaminated sample lr4 and unreflected beam. 

F~gure 30. Sample 1 4  contaminated and clean, o = 50 arc min. 



5. Sample 65.  This fused silica sample was cleaned, measured, 
contaminated with 10 p diameter carbon particles, and then remeasured. 

The experimental reflection efficiency curve for t!-e clean sample i s  
given in Figure 31 together with the theoretical curve. The scatter curve a t  
8 = 50 arc min is shown in Figure 32 and is compared with the unreflected beam 
in Figure 33. The mgular widths of the two curves at the FWHM are  very 
slmilar. 

SAMPLE # 6 
A = 8.34 A 
THEORETICAL - 
EXPERIMENTAL 0 

ANGLE OF INClDE NCE (ARC MINI 

Figure 31. Reflection efficiency for fused silica sample 15. 



Figure 32, Fused silica &ample f;5, 0 = 50 arc min. 

Figure 33. Comparison of sample # 5 and unreflected beam. 



After the sample was measured in a clean condition, it was contaminated 
with carbon particles to an average density of 689 particles/mm2. The jm-tide 
size distribution ie shown in Figure 34, The particles ranged in size fror. 1 to 
25 pm in diameter, with the largest number of particles in the 8 pm range. 
Figure 35 is a microphotograph of the s a m ~ l e  surface after t h z  carbon particles 
were deposited. 

The contaminated sample was memuted together with the control sample 
so that the changes in the measurementa due to the contaminant could bc isolated. 
Figure 36 is a plot of the reflection efficiency as a function of angle of incicience, 

PARTICLE DIAMETER ( p )  

Figure 34. Size distriLqition of carbon particles on sample #5.  





corrected to indicate changes due to the contamination. Also shown is the 
reflection curve for the sample prior to contamination. The effect of the carbon 
particles is greatest at  the lowest angles of incidence, causing a decrease in the 
efficiency of approximately 17 percent at 8 = 25 arc min. At values of 8 greaier 
than the critical angle, the particles did not cause any significant reduction in 
the efficiency of the sample. The scatter curve for the contaminated sample is 
given in Figure 37 for 8 = 50 arc min. The FWHM is 16.88 arc sec, or  an 
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Figure 37. Fused silica sample t 5  contaminated, 8 = 50 arc min. 



increase of 3.96 arc  sec in the unreflected beam s h o w  superimposed on the 
contaminated curve in Figure 38. Note that the wings of the contaminated curve 
contain a large portion of the total energy a s  compared to the wings of the 
unreflected curve. The scatter curve of the sample in a clean and contaminated 
condition a re  compared in Figure 39. The FCI'HR.1 of the scatter curve increased 
by 3.27 a rc  sec on the contaminated sample, with the wings containing a larger  
portion of the total energy. 
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Figure 38, Comparison of contaminated sample #5 and unreflected beam. 
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Figure 39. Sample #5 contaminated and clean, 0 = 50 a r c  min. 

Samples 64 and #5 were contaminated with 10 pm diameter carbon 
particles. Sample #5 contained a particle density more than six times the 
particle density of sample #4. The scatter curves for 0 = 50 a r c  min a r e  
compared in Figure 40. The angular width of the curve a t  the FWHM for the 
highest density of particles i s  2.41 a r c  sec greater than the lower density 
sample. The reflection efficiency of the two contaminated sample; was very 
s imilar  at  values of O greater than 30 a r c  min (Fig. 41).  However, a t  
smaller values of O the efficiency of the sample with the lower density of 
particles was significantly less.  



Figure 40. Comparison of contaminated samples #4 ard #5,  0 = 50 arc min. 
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Figure 41. Reflection eff ic ie~dy of contaminated samples #4 and #5 .  
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B. Chromium 

The chromium samples were prepared by depositing 1000 A i 25 i\ of 
99.999 percent purity chromium on a fused silica substrate finished to a flatness 
of m 0 .  

1. Sample #6. The reflection efficiency of this sample was measured 
and is compared to the theoretical curve in Figure 42. Even though there i s  
some spreading in the experimental data, the agreement with the theoretical 
data is reasonable. The theoretical curve for fused silica, the substrate 
material is also shown in Figure 42. 

This sample was measured a t  several values of O to study the angular 
spread in the x-ray beam as a function of the angle of incidence. The curves 
a re  presented for measurements made at angles of incidence of O = U, 20, 40, 
85, and 110 arc  min in Figures 43 through 47. 
beam is given in Figure 48. 

The curve for the unreflected 
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Figure 42. Reflection efficiency for chromium sample # G .  



Figurc 43. Chromium sample #6, 8 = 0. 
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Figure 44. Chromium sample #6, 8= 20 arc min. 
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Figure 45. Chromium sample #6, 8 = 40 arc min. 

Figure 46. Chromium sample #6, 8 = 85 arc rnin. 



Figure 47. Chromium sample #6, 8 = 110 arc rnin. 

Figure 48. Unreflected x-ray beam for sample #6. 



After the aforementioned measurements were completed, the sample was 
removed from the x-ray reflectometer and placed in the contamination chamber 
shown schematically in Figure 49. The sample was exposed to Skylab thermal 
control material S13-G, a white paint with a potassium silicate treated zinc 
oxide pigment placed in a polydimethyl-siloxane binder [5]. Sample #6 was 
exposed to the vacuum environment for 24 hours duritg which time lhe tempera- 
ture of the thermal control sample (S13-G) was maintained a t  55OC. The 
chromium sample was maintained at 20°C and the vacuum chamber at 35OC. 
Due to the pumping action of the system and the thermodynamic parameters 
established, all  litg gassed products will pass by the chromium sample and con- 
dense on its face. Following this exposure, the sample was placed in the x-ray 
reflectometer and remeasured. The reflection efficiency curve is given in 
Figure 50 and compared to the reflection efficiency curve prior to exposure to 
the S13-G paint in Figure 51. The contamination reduced the reflection efficiency 
of the sample by approximately 20 percent at angles of incidence less than the 
critical angle, and a t  values of 8 greater than the critical angle, the efficiency 
appears to be as great as the uncontaminated sample. 
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Figure 49. Schematic of contamination chamber. 
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Figure 50. Reflection efficiency of contaminated sample k6. 
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Figure 51. Reflection efficiency of clean and contaminated sample #6. 



The scatter curves for the sample after exposure to S13-G for the same 
values of 9 a re  given in Figures 52 through 56 and are compared to the clean 
sample in Figures 57 through 61. The angular change in the FWHM between 
the clean sample and the contaminated sample is given in Figure 62 a s  a function 
of the angle of incidence 0 .  The angular width at the FWHM of Ihe contaminated 
sample increased for  all values of o except 0 = 0 .  With the alignment technique 
used with the x-ray reflectometer this would be expected if  a material were 
deposited onto the sample. Although the FWHM did increase for all values of o 
greater than zero, therr did not appear to be a trend in the data. 
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Figure 52. Chromium sample #G contaminated, o = 0. 





Figure 55. Chromium sample %3 contaminated, 3 = 85 arc min. 

Figure 56. Chromium sample $6 contamirated, 0 = 110 arc min. 
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Figure 57. Sample 66 contaminated and clean, 8 = 0. 

Figure 58. Sample k6 contaminated and clean, 0 = 20 arc min. 



Figure 59. Sample #6 contaminated and clean, O = 40 arc min. 

Figure 60. Sample #6 contaminated and clean, 0 = 85 arc min, 



Figure 61. Sample #6 contaminated and clean, 0 = 110 arc  min. 
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Figure 62, Difference in the FWHM of clean and contaminated sample #6. 
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2. Sample #". This sample was cleaned and placed on top of a storage 
cabinet in a warehouse for 48 hours and allowed to collect dust. The sample was 
removed and a particle count taken. The particle density was 9 particles/n~n~2, 
with the largest number of particles in the 5 to 10 pnl range. A histogram of 
the particle count is given in Figure 63, with the particle size ranging from 5 to 
30 pm in diameter. The sample was then placed in the reflectonletel- and 
measured to determine the reflection efficiency and scatter parameters. The 
reflection efficiency is given in Figure 64 and the scatter curve in Figure G5. 
The sample was not measured in a clean condition and therefore has to be 

0 6 10 15 20 25 30 
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Figure 63. Size distribution of dust particles on sample $7. 
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Figure 64. Reflection efficiency of contaminated sample #7. 

Figure 65. Chromium sample #7 contaminated, 0 = 50 arc  min. 



compared to a sample previously tested. The reflection efficiency curve is 
compared to a clean sample in Figure 66. At values of U l ess  than 50 arc  min 
the efficiency of the contaminated sample i s  slightly l e s s  than for  a clean sample 
of the same material. The FWHM of the dust sample was 13.17 arc  sec, an 
increase of 0.71 a r c  sec  over the clean sample (Fig. 6 7 ) .  The scatter curve 
is compared to the unreflected beam in Figure 68. 
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Figurt 66. Reflection efficiency of clean and contaminated chromium samples. 



Figure 67. Comparison of contaminated and clean chromium samples, 
0 = 50 arc min. 

Figure 68. Comparison of contaminated sample #7 and unreflected beam. 
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3. Sample #8. This sample was measured in a clean and contaminated 
condition. The measured and theoretical reflection efficiency curves for the 
clean sample are  given in Figure 69 and show reasonably good agreement 
between the two. After the measurements on the clean sample were completed, 
it was contaminated by passing basalt dust through a 10 pm diameter sieve. 
Basalt was used because it was readily available in the lab and because it 
differed from the carbon and regular dust by having more rounded particles, 
The particle density was 235 particles/mm2, with the largest number of particles 
at  14 pm diameter (Fig, 70). The contaminated sample was measured to deter- 
mine the reflection efficiency (Fig, 71). The efficiency at  e = 10 arc  min was 
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Figure 69. Reflection efficiency for chromium sample #8. 
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Figure 70. Size distrihtion of basalt particles on sample 68. 

Figure 71. Reflection efficiency of contaminated sample #8. 



only 11 percent, which is a reduction of 78 percent from the clean sample (Fig. 
72). The efficiency of the contaminated sample increased as 8 increased until 
the angle of incidence was 50 arc min. At this point the contaminated curve was 
approximately 15 percent below the clean sample. The scatter curve for the 
sample measured prior to depositing the particles is given in Figure 73 with a 
FWHM of 13.0 arc sec. It i s  compared to the contaminated sample in Figure 74. 
The FWHM of the contaminated curve is 16.57 arc sec, o r  an increase of 3.57 
arc sec aver the clean sample. The contaminated scatter curve is compared to 
the unreflected beam in Figure 75. 
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Figure 72. Reflection emciency of clean and contaminated sample #8. 



Figure 73. Chromium sample #8 contaminated, 0 = 50 arc min. 

Figure 74. Sample U8 contaminated and clean, 0 = 50 arc min. 



Figure 75. Comparison of contaminated sample #8 and unreflected beam. 

4. Sample #9. This sample was contaminated with the same basalt 
material a s  sample 18. Because of equipment breakdown, a particle count was 
not made; however, the density was several times the density of the dust on 
sample #8. Figure 76 is a photograph of the sample. The dark areas around 
the edges of the sample were caused by handing the sample dter the measure- 
ments were made. The reflection efficiency curve for the sample containing 
the particles is given in Flgure 77 and is compared to the clean sample in 
Figure 78. At angles of incidence of 10 and 20 arc min the sample reflected 
the x-rays at very low efficiency, and the efficiency went to zero at O = 30 arc  
min. As 8 was increased, the efficiency rose to 11 percent at O = 70 arc min 
and then decreased as 0 increased. The Intensity of the reflected x-ray beam on 
the contaminated sample was not sufficient to obtain a scatter curve. 





Figure 77. Reflection efficiency of contaminated sample # s o  

Figure 78. Reflection efficiency of clean and contaminated sample #go 



The reflection efficiency measurements on the fused silica samples 
compared favarable to the theoretical curves, indicating that the sample surface 
finish was very good. The scatter curves confirmed that the surface finish of 
the fused silica sample was very good. The maximum increase in the FWHM of 
the x-ray beam by a clean fused silica sam2le was 0.82 arc  sec by sample #4, 
but typically the increase was less  than 0.3 arc sec for the other samples. 

Carbon particles 10 pm in diameter were deposited on samples #4 and 
5 The density of particles on sample #5 was approximately three times the 
density of those on sample L4. The reflection efficiency of low-density particles 
was conside-ably less  than for  the clean sample and was also less  than the 
high-density particles. I t  is not clear why the reflection efiiciency was higher 
on the high-density particles, and this area should be studied in more detail. 
The low-density particles had no significant effect on the s c a t k r  curve, but the 
high-density sample FWHM increased by more than 3 arc sec. 

The experimental reflection efficiency measurements and the theoretical 
calculations on chrominum were in good agreement. Sample 86 was studied et 
e values of 0, 20, 40, 85 and 110 arc  rnin to determine the effect of angle of 
incidence on the scatter curve. There was no sig7ificant change in the FWHM 
on the clean sample. The sample was exposed to a Skylab thermal control 
material, S13-G paint, for 24 hours. This exposme resulted in a decrease in  
the reflection effir 3nc- of approximately 20 percent at angles of incidence less 
than the critical angle. The scatter curve was determined for  the contaminated 
sample at the preceding values of O and compared to the clean sample. T5e 
FWHM of the contaminated curve increased over the clean sample for all values 
of e greater than zero and approached an increase of 4 arc sec a t  O = 85 arc min. 

One sample was allowed to col1ec:t dust for 48 hours and then meas~rcd .  
The particle density was 9 particles/mm2. This contamination resulted in a 
slightly reduced reflection efficiency and an increase in the FWHM of 0.71 arc 
sec. 

Two samples were contaminated with ix~al t  particles 14 pm in diameter. 
Sampie #8 contained a particle density of 235 particles/mm2, and sample iF9 
contained a density several times higher. The reflection efficiency of sample 
#8 was reduced to a peak value of 60 percent and the scatter curve increased by 
3.5 arc sec. The efficiency of sample #9 was very low, with a high value of 
11 percent. The scatter curve could not be measured due to the low efficiency. 

In summary, the measurements reported in this report confirnl ( 1) that 
a computer program has been developed to predict the efficiency of optical flats 
which have a surface finish of a t  least ~ / 1 0 ,  (2) that particulate matter on the 



reflecting surface affects the scatter and reflection properties of the sample, 
and (3) that this effect is  a function of composition, particle shape, and density. 
Also, the study shows that outgassing products deposited on surfaces will reduce 
the efficiency of an optical surface and will increase the scatter of the x-ray 
beam by that surface. 
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